Weak heating events (∼ 10 17 -10 20 J) are frequent and ubiquitous in the solar corona, but the underlying heating mechanism is still not very well understood. A major candidate for heating is weak flaring events which leave nearly undetectable signatures in the Extreme Ultra-Violet (EUV) and X-ray bands. However, since these events often lead to various plasma instabilities which produce coherent radiation at radio wavelengths, they can easily be detected and studied using radio imaging studies. But, often multiple such events happen on the Sun or these events get obscured by coherent emission sites that are stronger by orders of magnitude. With the advent of high dynamic range snapshot spectroscopic imaging, it has become possible to monitor the coherent emission from these weak events continuously, despite the occurrence of other events. We can also develop SPatially REsolved Dynamic Spectra (SPREDS) for each site. We present a multi-waveband imaging study of an active region which was associated with a weak X-ray flare. We combine SPREDS at metre wavelengths with spatially resolved EUV and X-ray flux light curves of the region. We detect a systematic rise in the temperature of the region during the flare. The temperature evolution correlate well with the evolution in the mean coherent radio flux density, occurrence rate of bright second-scale coherent radio fine structures and the X-ray image flux. The mean radio flux density light curve showed strong quasi periodic pulsations with a period of 30 s. We find that the timescale of the radio fine features match ion-electron collisional damping scale in the local plasma. The 30 s timescale matched the Alfven transit time in the radio source region. Our observations possibly support the picture of coronal heating via numerous faint flares/particle acceleration events which convert the magnetic free energy to heat. We find that the acceleration events are excited in a periodic manner with a periodicity of 30 s.
INTRODUCTION
The Sun's outer atmosphere, or corona, poses one of the longest-standing open questions in astrophysics, referred to as the coronal heating problem. As we move into outer layers of solar atmosphere from the 6000 K photosphere, the temperature gradually increases and suddenly jumps from ≈ 10000 K in the chromosphere to ≈ 2 MK within a very thin transition layer of thickness ≈ 100 km at the base of the corona. It has been shown that for a typical coronal loop of electron density ≈ 10 9 cm −3
and width 1000km, a steady heating rate of ≈ 10 22 ergs/s is required to maintain an iso-thermal segment of the loop at 2 MK considering cooling losses from conduction and radiation (Rosner et al. 1978) . Obvious candidate heating sources are strong solar flares. As per the X-ray flare classification 1 by Geostationary Operational Environmental Satellite (GOES), a strong X1 class flare would deliver ≈ 10 26 ergs/s. Lasting often for hours and varying by orders of magnitude in flux density, flares of the strongest class can deliver up to ≈ 10 33 ergs (Sturrock et al. 1984; Aschwanden 1999) . However, the occurrence rate of large flares is quite low. Aschwanden & Freeland (2012) showed that among the 338,661 X-ray flares detected over 37 years by GOES, only 248 were larger than X class, or around one such flare every 55 days. These events are also not ubiquitous in the corona as they are often associated with specific active regions. This excludes them as a candidate source for steady coronal heating.
There are multiple theories proposed to explain the nature of the heating source. For instance, MHD turbulence (van Ballegooijen et al. 2011) , various forms of Alfven wave dissipation (Ionson 1978; Heyvaerts & Priest 1983; van Ballegooijen et al. 2011) , nanoflares (Parker 1972) , and the Electron Cyclotron Maser Instability (ECMI) (Robinson et al. 1996) . The current consensus is that different combinations of these processes must be happening in different physical scenarios to produce the high observed coronal temperatures. The observational signatures of most of these events are usually very faint and often undetected in high energy bands. This is because the high energy observations are sensitive to only thermal signatures. These individual heating sources may cause such a low rise in thermal energy that their direct detection above the background is difficult. However, since the local plasma frequency (ω p ) and gyro-frequency (ω B ) at different coronal heights lie in the deci-metric to metric wavelength range, even faint perturbations can give rise to very bright coherent radio emission due to various wave-particle resonant interactions (e.g. Ginzburg & Zhelezniakov 1958; Tsytovich & Kaplan 1969; Melrose & Sy 1972; Melrose 2017) . Weak particle acceleration events usually cause between 10 -1000 orders of flux enhancements in radio wavelengths above the quiet coronal radio flux, which is primarily produced by thermal bremsstrahlung emission. This makes radio observations uniquely sensitive to sites of active heating and weak flaring in the corona.
However, there is a caveat that weak events with a range of coherent flux density levels between 10 -1000 orders of magnitude often occur at multiple locations on the Sun. The lifetime of these events, especially the weakest bursts, are often just a few seconds or less. So to study these multiple weak events systematically, we need high dynamic range snapshot spectroscopic imaging at metre wavelengths. Such studies became possible only recently with the advent of a new generation of radio interferometers like the Murchison Widefield Array (MWA; Lonsdale et al. 2009; Tingay et al. 2013) , the Jansky-Very Large Array (JVLA; Perley et al. 2011 ) and the LOw Frequency ARray (LOFAR; van Haarlem et al. 2013 ). The MWA is capable of producing images at 0.5 s and 40 kHz resolution with a dynamic range of a few 100 even during very quiet periods of solar activity. During weak bursts or coherent emission features, the imaging dynamic ranges achieved improves to many 1000. During very strong events the dynamic ranges close to 70,000 are achieved. This allows one to explore continuously the weak events at multiple sites in the corona even during times of strong activity that would otherwise obscure the weak bursts when observed with previous instrumentation.
In this work, we study the corona during a relatively quiet period using snapshot-spectroscopic imaging with MWA. We identify a persistent radio source with high brightness temperature (T B ) in our solar images. Simultaneous high cadence Extreme Ultraviolet (EUV) and Soft X-ray images from the Atmospheric Imaging Assembly (AIA; Lemen et al. 2012 ) onboard the Solar Dynamic Observatory (SDO) show that the radio source coincided with an active region loop that exhibited a slight increase in emissivity during the radio observations. Further analysis showed that the region was undergoing a weak heating. Soft and hard X-ray light curves from the Reuven Ramaty High Energy Solar Spectroscopic Imager (RHESSI; Lin et al. 2002) were also used in our analysis, along with vector magnetogram data from the SDO's Helioseismic and Magnetic Imager (HMI; Scherrer et al. 2012) to extrapolate the coronal magnetic field. We find hints to the mechanism that drove the heating and the associated high radio brightness. To understand the evolution of radio flux density at the region, we employ SPatially REsolved Dynamic Spectra (SPREDS; Mohan & Oberoi 2017) . SPREDS is made by recording the integrated flux density within specific regions of the fullSun radio maps as a function of time and frequency. The SPREDS revealed numerous bright emission features finely structured in frequency and time. Similar fine structures have also been found in numerous previous studies of deci-metric millisecond spiky bursts (Guedel 1990; Feng et al. 2018) , Type IIIb striae (de La Noe 1975; Melnik et al. 2010) , Type I chains (Elgaroy & Ugland 1970) , and 'spiky' emission features in some Type IV bursts (Bernold 1980) . There are multiple ideas for their generation in literature, such as the ECMI (Holman et al. 1980; Robinson et al. 1996) , particle trapping, density inhomogenieties (Mugundhan et al. 2017; Kontar et al. 2017) , and weak electron jets. Using a suitable model, we derive some fundamental dissipation scales in the plasma using the fine structures in the SPREDS. We identify the energy reservoir that can potentially power the event. A viable mechanism that could power this event is also presented. This study demonstrates the importance of combining SPREDS from meterwave observations with the data products and techniques in high energy observations to identify and study the fundamental aspects of coronal heating.
The organisation of the paper is as follows: The event and the multi-waveband observations are described in Section 2. The radio, X-ray, EUV and HMI data analysis and evolution of derived physical parameters are detailed in Section 3. Section 4 presents an interpretation of the various observed trends and the inferences drawn on the mechanism of heating. We present our conclusions in Section 5.
OBSERVATIONS
The radio data were gathered using the MWA on November 3, 2014 between 06:08:02 -06:20:02 UT under the observing code G0002. The observations were made across a bandwidth of 15.36 MHz with a time and frequency resolution of 0.5 s and 40 kHz, respectively. The data comprise three contiguous observations of four-minute duration with nearly similar central frequencies. The first (06:08:02 -06:12:02 UT) and the last observations (06:16:02 -06:20:02 UT) were centred at 199 MHz. The intervening observation (06:12:02 -06:16:02 UT) was centred at 229 MHz.
The day was characterised as a period of medium activity, with 10 type III radio bursts, 8 type IV radio bursts and a GOES class C1.4 flare 2 . The Space Weather Prediction Center (SWPC) reported groups of type III bursts from 06:02 -07:22 UT which includes the period of MWA observations 3 . The 1 -8 Å GOES band shows evidence for a B6 class flare. The X-ray light curves from RHESSI show signatures of a weak flare in the 3 -12 keV bands. This event was not reported in the SWPC event list, likely because its flux did not sufficiently exceed the background. Figure 1 shows the MWA dynamic spectra for the three observations. The bottom right panel of the figure shows the GOES and RHESSI X-ray light curves during our observation period.
The top panel of Figure 2 shows AIA 131 Å images before (left) and during (right) the type III bursts. Overlaid on each of them are the MWA 229 MHz contours at the respective times. The bright radio source in the north-west part of the solar disk is a persistent source present throughout the observation. The brighter source in the top-right panel consistently appears during every type III burst with high brightness temperatures (T B ≈ 10 8 -10 9 K). There were six groups of type III bursts and the location of the burst source was always the same. The source coincided with that of a weak active region jet that lasted till the end of all the bursts. A detailed study of the type III bursts and the associated jet is presented in Mohan et al., 2019 . Here we focus on the persistent radio source. The bottom-right panel of the figure shows a RHESSI image made by averaging the data over 3 -12 keV and 120 s (06:13:16 -06:15:16 UT). We find a bright compact X-ray source centred at (150 , 135 ), close to the location of the persistent radio source. An X-ray source of similar flux was found to be associated with the type III burst sources as well. So the X-ray flare has contribution from both these sources. The bottom-left panel zooms into the north-west region of AIA 131 Å map corresponding to the location of the persistent radio source. Overlaid are the MWA 229 MHz contours. The location of the associated RHESSI source is marked by an arrow. A bright active region loop is associated with the radio and X-ray sources. This loop was persistently bright during our observation period. The location of the radio source is not centred exactly on the bright loop. This is expected as the radio source is located much higher up in the corona and its location is determined by magnetic and density field in the region. The meterwave radiation from the burst source is also subject to propagation effects like scattering, refraction and ducting due to coronal plasma structures and turbulence in the medium (Steinberg et al. 1971; Arzner & Magun 1999; Wu et al. 2002) . Simulations have shown that these effects can shift the location of the radio source by a few arc minutes (Robinson 1983; Wu et al. 2002) . Besides, we do not find any other potential coherent emission source in the AIA images. Hence, despite this offset in the apparent location of the radio source, it is reasonable to associate it to the bright active region loop and the X-ray source. This system is the focus of the presented study.
ANALYSIS
As mentioned in Section 2, the meterwave radio emission is generated at a much higher height in the corona compared to the bright active region loop. We will first try to get an estimate of these heights starting with the radio source. For this, we use the density function by Zucca et al. (2014) (hereafter the Z model). Since ω p in the corona falls in meter wavelengths, the emission region must be located at a height beyond the region where the observation frequency is close to ω p . Note that ω p is a function of density. By equating the observation frequency to ω p and using the Z model, one can estimate a lower limit to the height of the radio source. This analysis gives a radio source height 1.14 R . To get an estimate of the height of the bright loop region we did the following. We assumed a semicircular loop geometry, with the observed footpoint separation of the loop equal to its diameter. The loop can then extend up to a heliocentric height of ≈ 1.02 R . Thus the two sources are quite separated in height. In this section, using multiwaveband imaging data analysis, we will demonstrate the relation between the radio and the high energy sources. We will also explore the magnetic field connectivity between the source locations.
This section is divided into four subsections. This include the analysis of EUV and Soft X-ray images from the AIA, radio observations from the MWA, RHESSI imaging data, and magnetogram from HMI.
AIA data analysis
We analysed the bright active region loop seen in the coronal EUV bands of the AIA, namely 94, 131, 171,193, 211 & 335 Å. All of the analysis were done using routines in the SolarSoft Ware (SSW; Freeland & Handy 1998) package. Level 1 data were obtained from the Virtual Solar Observatory (VSO) and co-aligned using the SSW routine aia_prep. The left panel of Figure  3 shows a 94 Å image of the active region containing the bright loop. The black boundary around the loop defines the region used for further analysis. This boundary was defined by thresholding the image above 40 times the mean value and slightly dilating the resulting mask to encompass fully the region that underwent significant brightening during the event. The light curves in the right panel of Figure 3 correspond to the average value within this boundary, normalized by the intensity at the beginning of the time series, before the onset of the event.
In the right panel of Figure 3 , light curves for the region in different AIA bands are shown for the period of MWA observations. A clear rise in the normalised intensity is observed starting around 06:11:40 UT. The intensity in different bands peaked at different times with the 94 Å light curve peaking after 06:14:00 UT. It is difficult to conclude anything about the evolution of physical fields at the loop region by just examining these light curves. This is because of two reasons; the observed intensity is a function of temperature and density, and the AIA bands have very broad and overlapping temperature response functions. To understand the evolution of temperature and density, we use a technique based on differential emission measure by combining light curves from all the AIA bands.
Differential Emission Measure (DEM(T ))
The observed intensity in the various AIA bands is a sum of emission from multiple multi-thermal plasma components emitting simultaneously along the line of sight. The Differential Emission Measure (DEM(T )) is a quantity that characterises the individual contribution from these different multi-thermal components. By estimating DEM(T ) at various instances of time during our observation, we can detect signatures of heating by looking for a rise in the high temperature component. Using the DEM(T ) function we can obtain the total Emission Measure (EM) by simply integrating over DEM(T ). Assuming that the number density Figure 3 . Left: The active region hosting the bright loop. A boundary is defined for the bright loop region, marked in black, based on a criteria defined in the text. Yellow star on the right identifies the large loop structure on which the radio contours overlay. The black arrow points to the peak flux location of the RHESSI source. Right: Light curves of the bright loop region in various AIA bands sensitive to coronal temperatures, within the defined boundary of electrons (n e ) and protons (n H ) are the same, the observed intensity at a wavelength (λ), I λ , EM and DEM(T ) are related as,
where dz is a height segment present along the line of sight at a particular temperature, R λ is the instrumental response function, and Λ is the contribution function that gives the power emitted by the plasma divided by n e at a given temperature, n e , and wavelength assuming a typical ion abundance of χ in the corona. Λ can be computed for any n e and T using the CHIANTI database of atomic spectral lines (Dere et al. 1997; Landi et al. 1999 ). R λ is also a known function. I λ is the observable in different AIA bands. Thus each AIA bands contribute one equation corresponding to Eqn 1 giving rise to a system of equations which can be solved to obtain DEM(T ). We integrate the DEM(T ) to obtain the total EM and DEM-weighted average temperature ( T ) along the line of sight (LOS). By assuming a LOS depth, we can then estimate the mean electron density ( n e ) and mean thermal energy ( E ) for the emission region, D:
where k B is the Boltzmann constant. For the chosen loop region, we estimated DEM(T ) at each 12-sec time step between 06:08:00 -06:20:00 UT. To estimate DEM(T ), we used the xrt_dem_iterative2 algorithm developed by Mark Weber and available in SSW Golub et al. 2004 ). The code was designed for the X-ray Telescope (XRT) onboard the Hinode satellite and was later adapted for AIA data (e.g. Schmelz et al. 2011; Cheng et al. 2012 ). The approach is to forward-fit the DEM(T ) by predicting the observed count rates from an initial guess and iteratively modifying the solution to minimize χ 2 between the observed and predicted fluxes. Iterations are done using Levenberg-Marquardt least-squares minimization, DEM(T ) is interpolated between the available points using spline knots, and this method has been shown to reproduce model DEMs of active regions using simulated AIA data (Cheng et al. 2012 ). Uncertainties are obtained from 100 Monte Carlo runs for which the data are randomly varied within their uncertainties prior to each pass through the algorithm. We obtained date-dependent AIA response functions from the SSW routine aia_get_response using the "chiantifix", "evenorm", and "noblend" keywords. Our implementation is adopted from Reeves et al. (2015) , but we compute DEM(T ) over a narrower temperature range of log(T ) = 5.8-7.3. This range spans the breadth of the AIA's temperature response peaks, and although there is some sensitivity at higher and lower temperatures, the data are not well constrained beyond this range. Incorporating higher-temperature soft X-ray observations would improve the DEM estimation, but those data are not available for this event.
To estimate n e and E we need the depth and volume of the loop respectively. The loop was assumed to be a cylinder with a diameter equal to its observed thickness. This gives it a radius of 7 AIA pixels (≈ 3 Mm). The length of the loop segment is about 22 Mm. The volume of the loop then turns out to be about 6.2 × 10 26 cm 3 . Note that the loop segment length is a projected value, but it was made taking care of the curved structure rather than just the footpoint separation. If one assume the loop was semicircular and the foot point separation is the diameter, then the loop length comes to around 30 Mm. This is not very different from the earlier estimate. The top panel of Figure 4 shows the DEM(T ) distribution derived at three epochs; before, during the peak and after the brightening event (left to right). The DEM distribution before and after the loop brightening event look very similar with a peak temperature of ≈ 3 MK. The DEM(T ) during the time of the peak brightness (06:30:31 UT) shows a significant rise in the high temperature component. The bottom panel of figure 4 shows the evolution of T , n e and E . The impulsive rise in all of these quantities is evident. This evolution primarily owes to the evolution of the high temperature components in the DEM(T ). We will hereafter refer to this period of evolution of thermal properties of the loop plasma as the "flare".
Before proceeding to the next subsection, we would like to focus on the unusually large pre-flare density estimate of 8×10 9 cm −3 in the bright loop region, which is significantly high compared to the Z model prediction of 2 × 10 9 cm −3 at 1 R . This excess density will increase our radio source height estimate which is crucial while exploring the local magnetic field properties and connectivity. However, in the AIA images we find that the brightness enhancement is restricted only to the low-lying bright loop. Considering the height of radio emission, the radio source is more likely to be associated with the large loop structure, adjacent to the bright loop region, rather than the bright loop itself. The location of the radio source when overlaid on AIA maps, also suggest this (Figure3). We performed DEM(T ) analysis on the large coronal loop region over which the radio source overlay in the AIA images. The evolution of T and n e was explored for a region of size 10 × 10 AIA pixels (6 , 6 ), centred at the apex of the large loop (Fig 5 top left) .
The intensity in various AIA bands did not evolve significantly during the observation period in the chosen loop segment (Fig.  5 bottom left panel) . The DEM(T ) could not be well-constrained because the signal was weak in the hotter AIA bands. The error bars on the mean temperature estimate is hence very large. However, within the uncertainties of the estimate, we do not find any evidence for a temperature or density enhancement in the large loop. The temperature remained nearly steady at around 5 MK (Fig. 5 right) . Assuming a line-of-sight depth equal to that of the bright compact loop implies a density of 3.6 × 10 9 cm −3 , which we regard as an upper limit because the net contribution from the background and foreground plasma is likely to be somewhat higher in this case compared to the bright loop. The depth of the emitting region would also be much higher than the assumed loop radius as this is a relatively big loop with a large column of plasma beneath it. It is also noteworthy that there is no significant evolution in the total EM, which implies there is no evolution in density. From this exercise, due to the large uncertainties in the DEM(T ) estimate, and the contamination from the background emission, it is hard to draw strong conclusions on the density and temperature evolution. But, we infer that the density is not likely to be enhanced and assuming a density model which is valid for a typical active region should not introduce large errors.
Radio Analysis
The MWA data were imaged at a time cadence of 0.5 s and a spectral resolution of 160 kHz. This was done using an automated radio interferometric imaging pipeline called the Automated Imaging Routine for Compact Arrays for Radio Sun (AIRCARS; Mondal et al. 2019 (Accepted)), which is optimised for arrays like the MWA with a dense central core of collecting area. The pipeline uses imaging and calibration routines from Common Astronomy Software Applications (CASA; McMullin et al. 2007) and relies on the technique of self-calibration (Pearson & Readhead 1984; Cornwell & Fomalont 1999) .
The images had dynamic ranges (DR) varying from ≈ 250 -6900 depending on the activity level of the Sun. The highest dynamic ranges were obtained during the times of high integrated flux density levels of the Sun. During the type III event, we obtained DR of the order of 1000. The T B of the intermittent type III source varied within ≈ 10 8 -10 9 K while T B of the persistent radio emission site fluctuated between ≈ 5 × 10 7 -10 9 K, with a mean T B well above 10 8 K. This suggests that the mechanism of emission must be non-thermal. The high dynamic ranges in these images allows us to track the emission from the persistent radio source across the entire time and frequency extent of our observations, despite the presence of significantly more intense intermittent radio bursts elsewhere on the disk.
SPREDS
The flux density of the persistent radio source was recorded across frequency and time to obtain the SPREDS for the source. We use flux density instead of T B because flux density is more physically meaningful than T B for non-thermal emission. The region used for our analyses was defined to have an area twice that of the point spread function (PSF) centred at the persistent source. Figure 6 shows a sample image at 229 MHz, with the region used for obtaining the SPREDS marked in black (Top left panel). This is from a time when the persistent source was relatively faint, but we still find that the T B of the source is above 10 8 K. The PSF scale is denoted by an ellipse at the bottom left. The full width at half maximum, FWHM (major, minor), of the PSF is (3.9 , 2.9 ). The SPREDS obtained for the persistent radio source during each observation run interval is shown in the rest of the panels. Numerous bright emission features of flux density > 200 sfu are seen in the SPREDS with a typical fine extent of ≈ 0.5 -2 s in time and ≈ 10 − 13 MHz in frequency during the flare period. The source flux density varies within ≈ 20 -525 sfu (i.e. ≈ 5 × 10 7 -10 9 K) during the observation across the frequency band. The intensity and rate of occurrence of these fine features are found to evolve in correlation with the E evolution. This is evident from Fig.7 . The left panel of the figure shows a flux density light curve for the radio source, obtained as an average of SPREDS matrix across the frequency axis Flux density (SFU) Figure 7 . Left: The light curve of the radio flux density averaged across the observation band is shown in red. The black line plot is obtained by applying a 10 s wide running mean filter on the radio flux density light curve. The thermal energy variation obtained from DEM analysis is overplotted. Right: The median radio flux density light curve is shown in black. This is computed by applying a 36 s wide median filter on the frequency averaged radio flux density light curve. The blue plot shows the thermal energy evolution.
in red line plot. The radio flux density shows intense short lived emission features around the peak time of the E evolution. The black line plot shows the mean radio flux density evolution obtained by applying a 10 s wide running mean filter to the frequency averaged radio flux density light curve. We detect the presence of Quasi Periodic Oscillations (QPOs) in this mean flux density light curve. The QPOs are stronger and more frequent during the flare. While in the pre-and post flare phases, the QPOs also reduced in occurrence rate and energy. In the right panel, the black line plot shows the evolution of the median radio flux density obtained by applying a 36 s wide running median filter to the frequency averaged radio light curve. Since median is a metric insensitive to outliers in a distribution which in our case is the short lived fine emission features, this curve gives the evolution of the background or the floor of the non-thermal flux density. The growth and decay of the non-thermal background emission correlates well with that of E . This background emission should be constituted by myriads of unresolved faint non-thermal emission features. This analysis clearly reveal the relation between the persistent radio source and the bright active region loop. Note that the data used to generate the radio light curve are centred at different frequencies. Assuming a typical density model of the corona, say the one by Zucca et al. (2014) , we find that the height corresponding to the frequency difference is 0.03 R , which is less than 10 % of the scale height in the region. Therefore, the different observation bands roughly probe the same coronal region. This is also justified by the clear continuity in the radio flux density evolution curve.
X-ray analysis
As discussed in Section 2, we find a rise in the low-energy X-ray bands of RHESSI (3 -6 and 6 -12 keV; Fig.1 ). This flux rise however was due to the contribution from two sources primarily; one associated with the bright AIA loop and the other with a weak active region jet. We performed an imaging analysis that combines the RHESSI channels from 3 -12 keV to study the X-ray flux evolution associated with the bright loop region. The data from the 3F, 6F, 8F, and 9F detectors were only used for imaging. These were chosen based on the detector performance during the observation period. Imaging was done using the CLEAN algorithm. While imaging, we attempted to obtain the finest time resolution possible by maintaining a reasonable signal-to-noise ratio (SNR). We could attain SNR > 10 with time averaging as low as 5 s during the peak time of the flare. On trying to image this region before the start and after the end of the RHESSI flare, we could not obtain a reliable detection beyond 4σ even with several minutes of averaging.
In the RHESSI images immediately after the rise of the E , we detect a compact source on the bright loop, centred around (150 , 136 ). This source remained bright till the E peaked and later faded off rapidly. The source was the brightest nearly 36 s before E attained its maximum value. The right panel of Figure 8 shows the RHESSI contours from a time when the compact source was the brightest. It is overlaid on an AIA 94 Å image obtained by averaging of 5 consecutive images around the same time. In the left panel, a plot of the total flux enclosed with a contour at 60% of the peak is shown in a black line plot. The dots on the plot are the actual measurements. The E evolution is shown in blue. The correspondence between the E and RHESSI image flux light curve is noteworthy.
HMI data analysis
To reconstruct the coronal magnetic field, we take the HMI vector magnetogram data, which give the values of the magnetic field components at the photosphere, as boundary conditions and assume that the magnetic field is force-free, i.e., the Lorentz force is zero. The relevant HMI magnetogram data are given by Space weather HMI Active Region Patch (SHARP) for Active Region (AR) 12203, 2014 November 3, 06:12 UT. The SHARP patch is 608 × 309 pixels in size, where each pixel is 0.5 arcsec across, and the highest value of the radial field component at the photosphere is 2.48 × 10 3 G. We used the nonlinear force-free field (NLFFF) code CFIT to solve the NLFFF equations by Grad-Rubin iteration (Wheatland 2007) . CFIT works in a Cartesian geometry, so we approximate the SHARP field strength data, given in a Lambert cylindrical equal-area projection, as field values on a Cartesian grid and solve for the magnetic field in a Cartesian box, where the photosphere is located on the x-y plane at z = 0 and the positive z-direction is the radial direction away from the Sun (in other words, we take B φ = B x , B θ = −B y , and B r = B z ).
The Grad-Rubin method solves for the magnetic field and the force-free parameter α iteratively, using the value of the normal component of the magnetic field and the value of α at the photosphere as boundary conditions. The other boundary conditions we impose on the solution box are that the field decays to zero as z → ∞ and that the field is periodic at the sides of the box. Open field lines, i.e., those that cross the boundaries of the box either at the sides or the top, are assigned α = 0. Values of α on the photosphere are obtained from the local vertical component of the current density, which are calculated from the derivatives of the horizontal components of the magnetic field. In general, HMI magnetogram data over-prescribe the problem by giving values of α over both positive and negative polarities of the active region. Therefore, two solutions can be constructed, depending on which α values are used as boundary conditions, those from the positive (P solution) or the negative magnetic polarity region (N solution).
In practice, P and N solutions can be very different, because the vector magnetogram data are inconsistent with the force-free model (De Rosa et al. 2009 ). To address this problem, Wheatland & Régnier (2009) proposed the "self-consistency procedure". P and N solutions are separately calculated, then the values of α from the two solutions are averaged, weighted by the associated uncertainties. At the end of one such self-consistency "cycle", we arrive at a new set of boundary conditions for α. P and N solutions are then calculated again from the new set of boundary conditions. The process is repeated until the P and N solutions agree and we arrive at a self-consistent NLFFF model.
Initially, we applied CFIT, with the self-consistency procedure implemented, to the the active region containing the bright loop (AR 12203), 2014 November 3, 06:12 UT SHARP magnetogram. However, we were unable to reconstruct the large loop structure of interest, clearly visible in EUV, from this SHARP patch alone. We extend the magnetogram to include the neighbouring active region, AR 12202. The magnetogram, now 1367 × 600 pixels in size (each 0.5 arcsec across), is rebinned by a factor of 2 to speed up calculations, so that our solution box's size is 683 × 300 × 300 pixels, with each pixel being 1.005 arcsec. The top of the solution box is, therefore, at 1.313 R . In addition, to deal with noise in the data, we censor currents on the boundary surface with signal-to-noise ratios less than 1, i.e., we set α = 0 wherever SNR(J z ) < 1. We also censor out weak field regions, i.e., we set α = 0 where |B z | < 0.05max(|B z |).
The resulting coronal field extrapolation is presented in Fig. 9 . The loop structure connecting the AR 12203 to AR 12202 is well replicated by the model (the yellow field lines). The apex of the large loop connecting the two regions is at 1.136 R . The magnetic field strength at 1.14 R is about 5 G. We estimate the available free energy in the magnetic field close to the bright loop region from the difference between the total magnetic energy in the region and the energy of the potential field. We find the magnetic free energy to be ≈ 5.1 × 10 29 erg, which is one order of magnitude larger than the thermal energy in the region.
DISCUSSION
In the previous sections, we analysed the dynamics at the bright loop region in detail using AIA maps, SPREDS, RHESSI imaging, and magnetic field extrapolation using HMI data. These studies show that there was weak flare associated with this event, clearly evident in local EUV and Soft X-ray flux light curves. In this section, we explore the co-evolution of the various physical observables discussed in the earlier sections to build a physical picture of the mechanism driving the event. Before we proceed, it should be noted that a E rise should not be interpreted blindly as due to the usual kinetic temperature in the region because flares are non-equilibrium processes that can modify the local Maxwellian distribution. So the temperature and energy evolution derived using DEM techniques, which rely on thermal equilibrium physics, should be interpreted with caution. During the flare phase, T would be the equivalent temperature, which is a proxy to the average velocity dispersion, and E the mean energy of a modified particle energy/velocity distribution. The rise in these quantities would still reflect the rise in high energy particles or, in general, the free energy in the region.
Analysing the DEM(T ) evolution, we find that the evolution of the mean quantities, T , n e and E , is driven by the variations in the DEM(T ) of high temperature components. This excess contribution from the high temperature components took several minutes to relax back to its pre-flare phase. In the pre-flare period the T was around 4 MK, which later rose impulsively to around 6 MK (Fig. 4) . Similarly E showed a jump from its steady value of 0.5 × 10 28 ergs in the pre-flare phase to 1.5 × 10 28 erg at the peak time of the flare. The loop temperature and E starts to rise steeply around 06:11:40 UT and reaches a peak value around 06:13:30 UT. An excess energy, δE = E peak− f lare − E pre− f lare , of 10 28 erg was dumped in the region during this period. This is the energy budget of a typical microflare (Aschwanden 2006) . We checked whether the excess energy could indeed heat the loop to a quasi-steady temperature of ≈ 6 MK within 2 minutes. To test this argument, we use the steady loop heating rate model by Rosner et al. (1978) (RTV law hereafter) which takes care of conductive and radiative heat losses. The model is very approximate and derived for the case where heating and dissipation are at equilibrium. The heating rate or power,Ė H is given by,
where V is the volume of the loop, T is the temperature and L the loop length. We assume that the loop was steadily heated by a source maintaining it at 4 MK. Later, the power of the heating source suddenly enhanced to a power capable of maintaining the loop at 6 MK. Using a loop length of 22 Mm, T of 6 MK and V ≈ 6.22 × 10 26 cm 3 , we estimate this enhanced heating rate,Ė H to be 6.5 × 10 25 erg s −1 . We assume that the cooling efficiency remained at the pre-flare value, leading to a resultant sudden dumping of excess thermal energy in the loop. So the typical heating time scale required to heat the plasma to 6 MK by the enhanced heating source, t heat would be δE/Ė H , which is about 1.3 minutes. This is close to the observed mean temperature rise time of around 2 minutes. Note that this estimate assumes cooling rate to remain steady at the efficiency corresponding to pre-flare phase. In reality, this could change as cooling rate, especially the Bremsstrahlung emissivity, is a strong function of temperature and density. Both these properties could rise during the flare at least in localised regions, though a global equilibrium across the loop may not exist during the flare rise phase. In such a scenario, heating the loop to 6 MK will take more time than estimated from the RTV law, which is what we find from DEM analysis as well. However, it is hard to claim this as there is a degeneracy in the estimate of the loop length. If we use the semi-circular loop model, with a loop length of 30 Mm, we would arrive at a heating time of about 2.6 minutes. This is also close to the observed value of ≈ 2 minutes hinting that the enhancement in the power of the heating source can possibly rise the loop temperature to 6 MK within the observed rise time.
Having concluded that, we will now try to understand the declining phase of the E evolution. We find from the RHESSI analysis that the source flux suddenly dropped beyond the peak time of the E evolution. We assume that this could be due to the sudden drop in the heating power to it pre-flare value. In that case, the loop will dissipate the excess energy dumped in the flare rise phase via radiation and conductive pathways. Since the equation 7 is derived assuming equilibrium between heating and cooling rates, we use the same equation to estimate the cooling rate for a plasma at a pre-flare equilibrium temperature of 4 MK. This would give us a typical cooling time, t cool , required to dissipate the excess thermal energy of δE dumped in the loop. The cooling time is found to be around 10 minutes. This should be the typical time required to bring the system back to equilibrium at 4 MK. In our chosen observation window, we do not find the temperature or E attain the pre-flare equilibrium. This implies that the time scale for equilibration is beyond 6.5 minutes (06:13:30 -06:20:00), the time period between the epoch of peak temperature and the end of observations. This estimate is slightly lesser than the t cool but gives a clear indication that the actual equilibration time should be close to the RTV based estimate. Though this exercise we demonstrate that the loop plasma may likely have been heated to a high temperature by some impulsive enhancement in the heating rate that lasted for just a short period of time. The region was then left to gradually cool down and equilibrate. The X-ray flux evolution in Fig 8 also suggest that there was an impulsive rise in X-ray emission, which is a proxy to the presence of high energy electrons driven by some energising source, during the flare rise phase followed by a sharp flux drop. This sudden flux drop could be a hint that the power of the energising source declined quite sharply.
The heating mechanism
The excess energy responsible for the loop brightening likely came from the major free energy reservoir in the region, the magnetic field. We estimate a magnetic free energy of around 5.1 × 10 29 ergs in the bright loop region. This is an order of magnitude larger than the energy rise observed in the loop. The problem now boils down to identifying the mechanism that extracted energy from this reservoir and converted it to thermal energy. The radio observations give some crucial hints in this aspect.
The SPREDS for the radio source showed numerous bright emission features with timescale on the order of a few seconds and spectral widths around 10 -13 MHz. We also find that the intensity of these features and the mean background flux density increased around the peak time of E evolution (Fig. 7) . The magnetic field extrapolation showed evidence for large loop structures which extend to radio source heights and share a foot point with the bright loop region. We also find in Fig.9 evidence for magnetic field lines extending to radio heights with an inclination towards the right side of the bright loop. The radio source is also seen rightward of the bright loop region. From these observations and analysis, we infer the link between the radio and high energy sources.
As mentioned in the previous section, the height of generation of radio emission is beyond 1.14 R . The local temperature is around 5 MK, assuming it is similar to the value obtained for the large loop rightwards to the bright loop (Fig. 5 right panel) . At these heights, the typical magnetic field was found to be around 5 G, which gives a gyro-frequency, ω B = 88 MHz. As height increases in the corona, ω B and the plasma frequency ω p falls. But the former is always lower than the latter as it decreases relatively faster (Gary & Hurford 2004; Aschwanden 2006) . So This rules out the possibility of gyro-resonance or the ECMI as the mechanism for the bright fine structure emission in the SPREDS, because the essential condition for this is ω B > ω p (Melrose & Dulk 1982) . This leaves us with the only possibility of coherent plasma emission mechanism triggered by the two-stream instability to generate the observed bright non-thermal radio emission. The high T B range of the radio source which overlaps at the low the T B end with the distant type III source, suggests the possibility of numerous weak particle jets to generate the coherent emission. We do not find any clear evidence for frequency drifts in the fine coherent emission features seen in SPREDS. This could be due to our time resolution of 0.5 seconds being much coarser than the dynamic timescale of these particle jets.
For further analysis, we assume that the observation frequency is equal to local ω p . This is because the coherent emission produced by particle jets are known to be generated at the site where observation frequency matches ω p (Ginzburg & Zhelezniakov 1958; Tsytovich & Kaplan 1969; Melrose & Sy 1972) . We will focus on the 229 MHz centred observation that overlaps the X-ray flare, i.e. the period when a bright X-ray source was visible in the 3 -12 keV images at the bright loop region. The estimate of the local density using 229 MHz was found to be 6.5 × 10 8 cm −3 . The height of emission will be assumed to be 1.14 R . Using the estimate of the magnetic field strength of 5 G, we computed Alfven speed to be 0.4 Mm s −1 at the radio source. On converting the fine feature bandwidth of 10 -13 MHz to a height scale using Z model, we get ≈ 7 -8.5 Mm. This gives an estimate of the minimum speed of the particle jets to be around 14 -17 Mm s −1 . The lifetime of the fine features are about ≈ 0.5 -2 s. We tried to match this with the various timescales in the local plasma at the radio source. With a temperature of 5 MK and a density corresponding to ω p = 229 MHz, the mid-band frequency during the flare period, the typical ion-electron collision timescale, τ col , in the region would be around 2 s. This was computed using the Lorentz collision model (Krall & Trivelpiece 1973) .
where λ D is the Debye length. This would mean that the numerous faint particle jets are damped via collisions to heat the ambient plasma. The fine emission features we see are just the strong jets, while the persistent high background radio flux density is caused by undetected faint ones. In that case, the bandwidth of the features gives the damping length scales in the plasma, i.e ≈ 7 -8.5 Mm. In order to get a better estimate of the time scales in the system, we performed an FFT of the flux density light curve at each frequency in the SPREDS during the flare period. We will refer to this data product as FFT-SPREDS hereafter. Figure 10 shows the FFT-SPREDS in the left panel. We find that the dominant periodicity in the flux density light curve is around 30 s, which also turns out to be the period of the QPOs in X-ray and radio flux profile (Fig. 4) . There is a lot of power at large periods, but there is no single dominant period. This randomness in the dissipation scale could be due to its strong dependence on density. During flares, the density fluctuations could be stronger. To understand the signature of the dominant 30 s periodicity in the SPREDS, we marked vertical lines spaced at 30 s. The first line was chosen to centre at the brightest fine feature. We find these lines cut through all major fine structures, hinting that this is a fundamental periodicity in the system. The bottom left panel shows the mean radio light curve obtained by averaging the SPREDS data across frequency and then applying a 10 s wide running mean filter. This is the same as the black curve shown in the left panel of figure 7 . The period during which a bright X-ray source is seen in 3 -12 keV band, is marked in grey. The vertical lines are marked at 30 s intervals. As we now believe that the radio fine features are signatures of particle jets, we find that the impulsive events are excited with a periodicity of 30 s. The jets produced during each impulsive episode are damped via collisions on timescales of a few seconds, which results in their spiky nature in the radio flux density. The bottom right panel of figure 10 zooms in to the AIA 94 Å image of the bright loop region. This suggests a twisted/overlapping loop structure, and the scale of the apparent braid-like structure is around 12 Mm. Intriguingly, this is comparable to the size of the frequency extent of the coherent radio fine features.
The NLFFF extrapolation identified large loops which extend to the height of radio emission. It also identified open loop structures which can potentially interact with the overlying large closed loops. These field structures share a common footpoint with the bright loop. It is expected that photospheric magnetic footpoint motions generate twist the overlying coronal fields. Since the dynamics at the bright loop and the radio emission site is likely guided by the same footpoint motions, one can expect twisted structures of similar spatial scales at the radio emission site as well. These twisting motions in the magnetic field lead to the build up of magnetic free energy and ultimately set up tangential instability at various locations in the field. Parker (1972) showed that the tangential instability grows as the fields lines are continuously twisted and, Parker (1988) argued that beyond a critical twist angle of 14
• , the loops undergo magnetic reconnection, generating energetic particle jets. These jets get damped by the interaction with ambient coronal plasma leading to local heating. Subsequent authors such as Aschwanden & van Ballegooijen (2018) argued that it is hard to generate such large twist angles in the corona, and it takes several hours to do so. However, before such twist angles could form, the tearing mode instabilities would make the current sheets unstable leading to fast reconnection events (Tenerani et al. 2016) . So there can be faster reconnection events. In another work, Longcope & Tarr (2015) showed that the magnetic free energy that the by photospheric motions generate is at a rate which is sufficient for the steady heating of the corona. Hence they argued that, if the coronal magnetic field is constantly reorganised in tandem with the photospheric footpoint motions via reconnection events, the steady magnetic free energy supply can power coronal heating. This would mean that the typical instability build-up and particle jet production timescale across a coronal loop whose footpoint is constantly in motion, would be equal to the Alfven timescale across the loop. In our case, if we assume that the torsion in the magnetic fields at the radio source location happens at the same length scale as that at the bright loop, the Alfven timescale across the structure would be roughly 12Mm/(0.4Mm/s) = 30 s. The NLFFF extrapolation also gives us a scale length of order 10 Mm for the variation of B phi component. So, 30 s could be the timescale of torsional Alfven wave motion across the B phi variation scale. We also see a systematic clumping of strong radio fine-structure emission features at this timescale, pointing to a periodic ignition of acceleration events.
In the X-ray or EUV light curves we do not see any such periodicity. This mainly attributes to the fact that the Alfventimescales would be much shorter at the hot loop region owing to high magnetic field strength, making them undetectable with the available image cadence. However, numerous particle acceleration events driven by dynamic tangential discontinuities could be happening at the hot loop region also since the dynamics at the radio and high energy source are closely linked. This possibly aligns with the picture of coronal heating via numerous faint particle jets excited at Alfven or instability build-up timescales due to photospheric footpoint motions.
CONCLUSION
We present a multi-waveband imaging study of an active region heating event combining SPREDS at metre wavelengths with spatially resolved EUV and X-ray flux light curves. This light curves revealed a flare in EUV and X-ray. The region was associated with a persistent bright radio source with a mean T B ∼ 10 8 K. We performed a Differential Emission Measure (DEM) analysis to study the temperature, density and thermal energy evolution of the region. The results revealed that simultaneous to the flare, there was a correlated evolution in the radio flux density, temperature, density and thermal energy. Using a NLFFF extrapolation of the magnetic field based on HMI data, we found that the free energy content in the magnetic field is sufficient to power the heating. The infer that the observed high-T B radio emission can be generated only via a coherent emission mechanism triggered by numerous electron beams accelerated by weak reconnection events. We find that the radio light curve show a significant rise in the background/floor of coherent flux density in tandem with the evolution of thermal energy. This background coherent emission is formed by numerous weak coherent flux enhancements associated with myriads of weak particle jets. Since the radio flux density evolution is well correlated with the thermal energy rise at the hot loop region, we assume that plasma dynamics at the two regions should be very similar. The NLFFF extrapolation also shows strong hints to support the magnetic field connectivity between the radio and high energy source.
In addition to the rise in the floor of the radio light curve, we also find strong 30 s period pulsations in the mean radio flux density light curve. The pulsations were quite periodic during the time of the flare and the temperature rise, but more quasiperiodic in the pre-and post-flare period. Alongside, the SPREDS data revealed numerous bright coherent emission features finely structured in time and frequency. Their occurrence rates and flux density enhanced during the heating event. The temporal extents of these features could be matched with the ion-electron collisional damping scale in the local plasma. These events showed a tendency to clump together in time with a periodicity of 30 s. The time scale of 30 s could be matched with the Alfven transit time across a the typical B phi variational length scale at the radio source height. This length scale also matches with the twist scale seen at the hot loop region. Since the dynamics at the radio source and hot loop region are correlated, we expect that the events happening at the radio source could be also happening at the hot loop region and viceversa. So the twists caused by the magnetic field footpoint motions could be similar at radio source region and, the periodic excitation of particle jets at Alfven transit time scales followed by collisional damping could be happening at the hot loop region. This could be the possible reason for heating. This is also consistent with the idea that tangential instabilities form dynamically in the coronal plasma due to footpoint motions and the free energy built up via these motions are dissipated via numerous particle acceleration events. These accelerated particles are subsequently damped via collision to convert their free energy to heat. We would require sub-second to a few second cadence imaging observations in high energy bands to observe pulsations in EUV or X-ray source fluxes, which the current telescopes does not provide.
